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Using Cl− as a test case, Wigner time delay in the photodetachment process has been investigated theoretically,
along with the photoionization of the isoelectronic Ar atom, for the outer 3p shell using the relativistic-random-
phase approximation (RRPA). Time delay was probed in these systems from threshold to 80 eV, to investigate
threshold effects, the centrifugal barrier shape resonance, and the Cooper minimum region. This study focuses on
Cl− because, for negative ions, the phase of the photoemission process is not dominated by the Coulomb phase
as it is in photoionization. The results show significant differences, both qualitative and quantitative, between
the time delays for Cl− and Ar photoemission at low photoelectron energy, but they are rather similar in the
Cooper minimum region, where the Coulomb phase is small. In particular, the Wigner time delay in Cl− exhibits
a dramatic energy dependence just above threshold, and a rapidly increasing time delay in the vicinity of the
shape resonance. A strong angular dependence of time delay has also been found near the threshold region for
the Cl− case, and is absent in the case of the photoionization of Ar. The origin of these phenomenologies is
explained and a prospectus for future work is presented.
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I. INTRODUCTION

The motion of the electrons constituting atoms, molecules,
and clusters is on the attosecond (as, 10−18 s) timescale
[1]. One needs a very sophisticated and advanced theoretical
methodology to accurately probe the ultrafast electronic mo-
tion and study this subatomic world. With the impetus of two
pioneering experimental investigations [2,3], photoionization
time delay studies, as a means of investigating attosecond
phenomena, have gained quite a bit of attention in recent
years; a selection of some of this work can be found in
Refs. [4–18]. State-of-the-art experimental techniques have
succeeded in probing the time domain in photoionization
processes. The photoemission delay, measured using various
pump-probe techniques, is an excellent way to investigate
dynamical processes inside atoms. The measured time de-
lay consists of two parts: (i) a Wigner time delay or WES
(Wigner-Eisenbud-Smith) time delay (τW ) [19–21], described
as the energy derivative of the phase of the complex photoe-
mission transition matrix element, and (ii) the delay resulting
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from the interaction of the outgoing photoelectron with the
laser field and the potential of the residual positive ion, known
as Coulomb-laser-coupling delay (τCLC) [22] or continuum-
continuum delay (τCC) [23]. Now, photodetachment is sim-
ilar to the photoionization process, except that the ionizing
electromagnetic pulse interacts with a negative ion, unlike
the photoionization of an atom where the target is neutral
[24]. In the photodetachment of a negative ion, a neutral
atom is left behind so that the outgoing photoelectron does
not experience a Coulomb potential in the asymptotic region,
and the Coulomb part of the photoelectron phase is excluded
from the total phase of the photoemission matrix element.
Thus, since τCC (or τCLC) essentially vanishes, except very
close to threshold, when the potential experienced by the
escaping photoelectron is short range, as in photodetachment,
the interpretation of photoemission time delay experiments is
much more straightforward [25]. In addition, the Coulomb
phase, which dominates the total phase near threshold in
the case of photoionization, is absent for photodetachment,
allowing the photoemission time delay studies in negative
ions to efficiently probe the low-energy shape resonances and
short-range interactions. Furthermore, unlike photoionization
where the l → l + 1 channels generally dominate the process
at all energies except the Cooper minimum [26–28], in pho-
todetachment the l → l − 1 channels always dominate near
threshold, owing to the Wigner threshold law [29]. Thus,
the absence of the Coulomb phase allows for the study of
the near-threshold and low-energy phenomena via time delay
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spectroscopy. The present work aims at the study of time
delay in photoemission from a closed-shell negative ion and,
for comparison, the isoelectronic Ar, with emphasis on the
region of the centrifugal barrier shape resonances [26,30–32].
In our earlier study of photoionization time delay from noble
gas neutral atoms [33], no significant effect of the shape
resonance on the photoionization time delay was found. This
was due to the large time delay near the threshold owing
to the Coulomb phase, which overwhelmed the effect of the
shape resonance. We have, therefore, undertaken time delay
studies in the photodetachment of negative ions, since this
process is free from the long-range Coulomb field effects in
the final state. Preliminary results of the present studies were
presented earlier [34,35]. Specifically, in the present work,
we report the results of our study of the time delay in the
photodetachment of Cl− using the relativistic-random-phase
approximation (RRPA) [36]. Also, for comparison, using the
same methodology, we have investigated the time delay in the
photoionization of the neutral atom which is, respectively, iso-
electronic with the negative ion, i.e., Ar, in order to highlight
time delay in the absence of a long-range Coulomb field in
the final states of the photodetachment process. In addition, it
has also been found that in the near-threshold region the time
delay in the photodetachment process is angle sensitive and
has a strong dependence on the angle of photoelectron ejection
with respect to the direction of light polarization. On the other
hand, the photoionization time delay does not exhibit any
significant dependence on the angle of photoelectron ejection
with respect to the direction of light polarization in this region.
The RRPA is a relativistic many-body method that includes
significant aspects of electron-electron correlations and, being
fully relativistic (based on the Dirac equation), allows us to
assess the importance of relativistic effects. The methodology
and theory are presented in Sec. II. In Sec. III, we present and
discuss our results. Conclusions are presented in Sec. IV.

II. THEORETICAL METHOD

The relativistic electric dipole amplitude, for a linearly
polarized light along the z direction, for a transition from an
initial state, nl jm, to a final state, κ̄ l̄ j̄m̄, is given by [14]

[T 1ν]m
nl j =

∑
κ̄m̄

C j̄m̄
l̄m̄−ν,1/2ν

Yl̄m̄−ν (κ̂ )(−1)2 j̄+ j+1−m̄

×
(

j̄ 1 j
−m̄ 0 m

)
i1−l̄ eiδκ̄ 〈ā|∣∣Q(1)

1

∣∣|a〉. (1)

Here, κ̄ = ∓( j̄ + 1
2 ) for j̄ = (l̄ ± 1

2 ), ν = ± 1
2 is the photo-

electron spin polarization, the C’s are the Clebsch-Gordon
coefficients, the Y ’s are the spherical harmonics, δκ̄ is the
scattering phase, and an overall multiplicative factor has been
ignored for simplicity. The reduced matrix element of the
spherical tensor between the initial state a = (nκ ) and a final
state ā = (E , κ̄ ) is obtained from a solution of the RRPA
equations [37] and, for simplification of the notation, we
define

Dnκ→E κ̄ = i1−l̄ eiδκ̄
〈
ā|∣∣Q(λ)

J

∣∣|a〉
(2)

in terms of the reduced matrix element 〈ā‖Q(λ)
J ‖a〉 [37]. The

expressions below show the relativistic ionization amplitudes

for np initial states,
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√
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15
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Here, the amplitudes are expressed in terms of only positive m
values. In the polarization axis direction ẑ, only the axial, Yl0,
components of the spherical harmonics in Eq. (1) are nonzero,
so only terms with m = ν = ± 1

2 survive. Due to the axial
symmetry, then, the final result does not depend on the sign of
the spin and the angular momentum projections. The Wigner
time delay associated with a particular transition (nκ → E κ̄ )
is [19–21]

τ = h̄
dηκ̄

dE
, (4)

where ηκ̄ is the energy-dependent phase of the photoemission
complex matrix element,

ηκ̄ = tan−1

[
Im Dnκ→E κ̄

Re Dnκ→E κ̄

]
. (5)

Similarly, the time delay for photoemission from a par-
ticular initial state is obtained using the same equations but
with the transition amplitudes of Eq. (3), the T ’s, instead of
the D’s. Note that electron-ion scattering and photoionization
processes are related through time-reversal symmetry [37],
hence the above expression for photoemission time delay

TABLE I. Calculated and available experimental [39] thresholds.

Subshell (Cl−) DF (eV)

3p3/2 4.03
3p1/2 4.17
3s1/2 20.13
2p3/2 208.87
2p1/2 210.64
2s1/2 280.22

Subshell (Ar) DF (eV) Expt. (eV)
3p3/2 16.00 15.76
3p1/2 16.19 15.95
3s1/2 35.02 29.31
2p3/2 259.78
2p1/2 262.07
2s1/2 337.73
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does not have the factor 2 found in the expressions of the
Wigner time delay in a scattering formalism [19–21]. As
mentioned above, the RRPA formulation [36] was employed
in the present photodetachment and photoionization calcula-
tions. The RRPA method is gauge invariant and, aside from
being explicitly relativistic, i.e., based on the Dirac equation,
RRPA includes significant aspects of initial-state correlation,
roughly equivalent to a very large configuration interaction
calculation. In addition, RRPA includes correlation in the final
continuum states in form of interchannel coupling among all
of the relativistic single-ionization (single-excitation) chan-
nels. However, the RRPA is amenable to a further approxima-
tion which permits the use of selective interchannel coupling,
known as the truncated RRPA, which can be employed to
pinpoint the specific aspect(s) of interchannel coupling which
are responsible for particular physical effects. The use of a
truncated RRPA removes the gauge invariance; however, in
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FIG. 1. Photoemission cross sections calculated for Cl− (top
panel) and Ar (bottom panel) showing 3p1/2 (dashed line), 3p3/2

(dotted line), and the sum, 3p (solid line), along with available
experiments (solid asterisk): Cl− [41,42], Ar [43]. Note that the Ar
data are for the sum of 3s and 3p cross sections. Thresholds are
indicated as vertical dashed lines.

the present calculations, it is only at the few percent level, so
it is not really an issue.

In addition, the threshold energies, the use of Dirac-Fock
(DF) [38] energies, are required in the RRPA calculation to
maintain gauge invariance. However, for comparison with
experiments, it is useful to use experimental energies, where
available, and our atomic calculations do just this. Although
this destroys the exact equality of length and velocity gauges,
here too the differences are only at the few percent level. The
calculated DF energies, along with the available experimental
energies [39] for comparison, are given in Table I, where it
is seen that for the outer atomic subshells, the agreement is
reasonably good.

Very few of the energy levels of negative ions are known
experimentally, so they have been omitted from the table.
However, for the halogen ion, Cl−, the experimental electron
affinity [40] of 3.61 eV compares reasonably well with the
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FIG. 2. The absolute values of the complex transition matrix
elements |D| as a function of photon energy for all the three relativis-
tically split 3p → d photoemission channels: 3p1/2 → d3/2 (dashed
line), 3p3/2 → d3/2 (dotted line), and 3p3/2 → d5/2 (solid line), in
Cl− (top panel) and Ar (bottom panel). Thresholds are indicated as
vertical dashed lines.
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theoretical outer-shell binding energy (Table I) of 4.03 eV,
which indicates that the initial-state correlation is taken into
account relatively well.

III. RESULTS AND DISCUSSION

The photoemission cross sections for Cl− and Ar were
calculated including all the relativistic dipole channels origi-
nating from 3p, 3s, 2p, and 2s, a total of 14 coupled channels,
in each case; the 1s channels were omitted since they have
essentially no effect in the photon energy ranges considered.
The results are shown in Fig. 1, along with available experi-
ments [41–43], which demonstrate excellent agreement with
the calculations for both Cl− and Ar. It is of importance
to note that the cross sections for the negative ion and the
atom are remarkably similar. The shape resonance (delayed
maximum) is seen in both cases, along with the Cooper
minimum [44] in the region of 40–50 eV photon energy. The
only real difference between the two cases is near threshold
where the atomic case exhibits a rather large cross section
and varies slowly, as compared to the negative ion where

the photodetachment cross section vanishes at threshold, but
increases very rapidly with energy. Figure 1 also shows that
the 3p3/2 and 3p1/2 cross sections are of exactly the same
shape and are in a ratio of 2:1, in both cases; this ratio simply
reflects the occupation numbers of the two subshells. In other
words, this suggests that relativistic effects are unimportant in
both cases, in this region of the photoemission spectrum.

To explore this phenomenology further, the magnitudes
(absolute values) of the matrix elements for all of the rel-
ativistic 3p → d photoemission channels in Cl− and Ar are
presented in Fig. 2, where it is evident that the magnitudes of
the matrix elements all have the same shape, in each case, as a
function of energy. In addition, the 3p → d shape resonances
are clearly seen, as are the Cooper minima. The absolute
values of the complex matrix elements reach their peak at
a somewhat lower photon energy than the energy at which
the cross section peaks, as one would expect since the cross
section is scaled by the photon energy.

The phases of the complex matrix elements, along with
the time delays derived from these phases using Eqs. (4) and
(5), are shown in Fig. 3. Looking first at the phases, it is
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convention as in phase plot used). Thresholds are indicated as vertical dashed lines.
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evident that, as expected from the cross sections, relativistic
effects are rather unimportant as all of the 3p → d phases
lie essentially on top of one another, both for Cl− and Ar,
and the same is true for the 3p → s phases. It is also clear
that, above the 3s thresholds, the Cl− and Ar phases are rather
similar to each other with the 3p → d phases displaying steep
drops around the Cooper minima [33], and the 3p → s phases
decreasing monotonically [45], as expected. However, in the
near-threshold region, the Cl− and Ar phases are seen to be
totally different. For Cl−, the 3p → d phases decrease slightly
from threshold before showing a gradual increase reflecting
the shape resonance; the 3p → s phases are monotonically
decreasing from threshold. For Ar, on the other hand, the
phases are dominated by the Coulomb phases, in the near-
threshold region, and these Coulomb phases (for all values of
orbital angular momentum) go to infinity at threshold and drop
rapidly with energy above threshold, leading to the observed
behavior. Thus, the Coulomb phase contribution to the total
phase obliterates any effects of the short-range atomic phase
in the near-threshold region.

The time delays, for each of the cases, are also shown in
Fig. 3. For Cl− photodetachment the time delays are finite
at threshold, quite negative (hundreds of attoseconds) and
increasing, with the threshold values of the 3p → d channels
more negative than the 3p → s but rising more rapidly owing
to the 3p → d shape resonance. Over the broad range to
about 30 eV, the 3p → d time delay is dominated by the
shape resonance, although the effect of the Wigner cusp [29]
in the 3p → d channel is quite evident at the opening of
the 3s detachment channel. This cusp is all but invisible
in the phase, indicating that time delay spectroscopy might
be useful in studying such cusp phenomena. At still higher
energies, the time delay is dominated by the Cooper minimum
behavior wherein the steep drop in the phase translates to a
deep minimum in the time delay in the region of the Cooper
minimum. In the Ar case, the time delay is positive infinity at
threshold for both 3p → d and 3p → s transitions and rapidly
increases with energy since the time delay is essentially due
only to the Coulomb phase in this region.

It is quite evident that the effects of the 3p → d shape
resonance are almost completely masked by the Coulomb
contribution, in the low-energy region. At the higher energies,
the 3p → d time delay is dominated by the Cooper minimum,
just as in the Cl− case. It is of interest to point out the
possibility of measuring the time delays representing these
individual matrix elements via spin-polarization spectroscopy
[46].

One can also obtain the time delays for a particular initial
state, as indicated above, using the phases of the amplitudes
(T ’s) of Eq. (3). Then, using Eqs. (4) and (5), the phases
and time delays for photoemission from the 3p3/2 and 3p1/2

states of Cl− and Ar are obtained. We concentrate first on Cl−,
where the results for the 3p3/2 and 3p1/2 states are almost
identical, so only the phase for the 3p3/2 initial state has been
shown in Fig. 4. This phase is similar to the results for the
individual 3p → d matrix elements of Fig. 3. This is because,
over most of the energy range, the 3p → d matrix element
dominates the 3p → s. However, in the Cooper minimum
region, the magnitude of the 3p → d contribution to the
amplitude diminishes (and nearly vanishes) so that the 3p→ s
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FIG. 4. Phase of the photodetachment amplitude for the 3p3/2

initial state of Cl− in the direction of the photon polarization. The
inset shows a closeup of the threshold region.

contribution to the amplitude, in Eq. (3), becomes much
more important. Of greater significance, at the threshold of
a photodetachment process, the transition to the lower angular
momentum final state, in this case the 3p → s transitions,
always dominates, as embodied in the Wigner threshold law
[29]. Thus, close to threshold, the 3p → s matrix element
dominates, but rather quickly, in a few eV, the 3p → d matrix
becomes larger. The phase near threshold, as seen in the inset
in Fig. 4, exhibits a slope at threshold characteristic of the
3p → s transition which changes to the slope related to the
3p → d transition.

These changes in slope engender important changes in the
Wigner time delay in the near-threshold region, as seen in
Fig. 5 where a huge dip is exhibited, just above threshold,
which is simply a result of the changeover in dominance of
the 3p → d and 3p → s matrix elements as a function of
energy; actually, it is the average 3p time delay shown in
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FIG. 5. Wigner time delay for the photodetachment of the 3p
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Fig. 5; this is simply the sum of the 3p j time delays weighted
by the ratios of the respective differential cross sections in
the polarization direction to the sum of the cross sections.
But, since relativistic effects are so small here, this is also
the Wigner time delay for photoemission from the 3p3/2 and
3p1/2 initial states individually. In addition, owing to the
contribution of the 3p → s matrix element in the region of
the 3p → d Cooper minimum, the very narrow and deep
minima in the 3p → d time delay, shown in Fig. 3, are seen
to be much wider and shallower. It is of importance to note
that the near-threshold structure is likely a general feature of
Wigner time delay in the photodetachment of negative ions
for all the nl subshells, inner and outer, for l 	= 0, owing to
the Wigner threshold law since the l → l − 1 partial wave
always dominates at threshold, and the l → l + 1 generally
dominates at the higher energies.

These averaged results for Wigner time delay for both
Cl− and Ar are shown in Fig. 6 for different ejection angles
relative to the direction of light polarization. The Cl− results
for 0◦ are the same as shown in Fig. 5, but on a different
scale. The time delay spectra for 0◦ angle have been shown
separately for both Cl− and Ar in inset in their respective
panel. The Ar time delay is similar to the time delays of the
individual 3p → d matrix elements in Fig. 3, except for the
Cooper minimum region where, as was the case for Cl−, the
3p → s term in the amplitude, Eq. (3), moderates the effects,
making the dip in that region wider and shallower as seen
in the inset in the central panel. Also shown in the insets
of Fig. 6 are the results of the calculation of Ref. [25] in
which a rather different calculational methodology is used.
The fact that there is good agreement, for both Cl− and
Ar, rather validates both calculations. This is of particular
importance for the Cl− case because correlation in both initial
and final states is crucial to the accuracy of negative-ion
photodetachment calculations. It should also be mentioned
that another recent calculation on Ar, based upon the time-
dependent local-density approximation (TDLDA), gives sub-
stantially the same results as presented in Fig. 6 [47]. A
comparison has also been shown between the present results
for Ar and the results presented in Ref. [48], though the time
delay that has been shown in Ref. [48] is the total atomic

delay. Now the most important thing to notice in Fig. 6 is
the strong angular dependence of the photodetachment time
delay in the near-threshold region (left panel). However, there
is no angular dependence of the time delay for the case of
photoionization of Ar in the near-threshold region as seen in
the central panel. It is also noticeable for the Cl− case that the
dip near threshold is prominent only in the case of the 0◦ angle
and it was diminished with increasing angles. We can say
that for higher angles the 3p → s transition dominates only
in close proximity to the threshold region and the 3p → d
transition overtakes 3p → s even very near to the threshold.

IV. CONCLUSION

The Wigner time delay for the photodetachment of the
negative ion Cl− has been studied in detail, along with the
photoionization of the isoelectronic Ar atom for comparison.
The absence of a Coulomb tail in the potential “seen” by
the photoelectron in the photodetachment process results in
the time delay for Cl− being rather different from Ar at low
photoelectron energies, since the contribution of the Coulomb
phase overwhelms the short-range phase for Ar. In contrast,
the short-range contribution is the only constituent of the
phase in the low-energy photoemission for Cl−. Thus, the
photodetachment time delay is sensitive to correlation and
shape resonances at low photoelectron energies, while pho-
toionization time delay is not. The calculated results confirm
this viewpoint and the low-energy photodetachment time
delay is seen to be very different from the photoionization
time delay over the first 20 eV or so of photoelectron en-
ergy. Not only are the effects of the p → d shape resonance
seen for Cl−, but also a huge near-threshold variation with
energy owing to the change in dominance of the 3p → s
transition at threshold to the 3p → d transition a few eV
above threshold. A similar strong variation of the time delay
is seen in respect to the photoelectron emission direction.
Both variations are a consequence of the Wigner threshold
law for photodetachment [29]. Since the Wigner law applies
to the photodetachment of all non-s states of all negative ions,
i.e., there is nothing special about Cl−, the rich structure in
the time delay just above threshold is likely to be present in
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most if not in all cases, i.e., this is expected to be a very
general phenomenon. Thus, time delay spectroscopy could
prove to provide significant insight into the near-threshold
photodetachment process in addition to the study of low-
energy shape resonances. In the near-threshold region the
strong angular dependence of photodetachment time delay
was also found. However, this is completely absent for the
case of photoionization of Ar.

It was also seen that, although the effects of the
Wigner cusp, which occurs at an inner 3s threshold for Cl−,
is hidden in the phase, it is evident in the time delay, thereby
indicating that time delay spectroscopy might be useful in the
investigation of these Wigner cusps. It is further demonstrated
that, in the vicinity of the Cooper minima, there are rapid
changes in the phases and deep dips in the time delays for both
Cl− and Ar; this is because the Coulomb phase is quite small
in the energy region of the Cooper minimum in Ar, so the
short-range phase dominates here. Furthermore, although the
present calculations are explicitly relativistic (based upon the
Dirac equation), it is found that relativistic interactions play
essentially no part in the Wigner time delay for outer-shell
photoemission at such low Z . However, it is likely that this

will not be the case for higher Z , since relativistic effects
generally become more important for heavier atoms. To
probe the conditions under which relativistic interactions are
important in the Wigner time delay for photodetachment,
a series of calculations for heavier systems is in progress;
included in this investigation is the photodetachment of nd
and n f subshells in an effort to ascertain how the insights ob-
tained from np subshells apply to higher angular momentum
states.
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